Objective: To define the molecular basis of TGF-β1 function in cervical carcinogenesis, we explored the expression and mutational status of TGF-β1, TGF-β1 receptors, and Smads, the regulators of the TGF-β1 signaling pathway, in human cervical cancers. Methods: Expression of TGF-β1, TGF-β1 receptors, and Smads transcripts were determined by quantitative reverse transcription-polymerase chain reaction (RT-PCR), and sequence alteration was analyzed using RT-PCR-single-strand conformation polymorphism (SSCP) analysis. Genomic levels of TGF-β1, TGF-β1 receptors and Smads was also measured by quantitative genomic PCR. Results: Abnormal overexpression of TGF-β1 and abnormal reduction of type II TGF-β1 receptor were identified in 36% (18 of 50) and 20% (10 of 50) of cervical cancer tissues, respectively. 22% (11 of 50) in Smad2 and 14% (7 of 50) in Smad4 revealed tumor specific mRNA reduction less than a half of normal means. In addition, no evidence for sequence alterations of the gene was found by RT-PCR-SSCP analysis. Conclusion: Our study demonstrates that disruption of TGF-β/Smad signaling pathway exist in human cervical cancer, suggesting that abnormal expressions of the member of TGF-β/Smad signaling pathway might contribute to the malignant progression of human cervical tumors via suppressing the tumor suppression function of TGF-β1 1's tumor suppression function.
INTRODUCTION
Uterine cervical cancer is the most common neoplasm of female genital tract accounting for 9.1% of total malignancies in Korean women in 2002. 1 It is well known that the human papilloma virus (HPV) is the major causative agent. 2 However, many patients who suffer from HPV infection will remain stable. A particularly interesting biological characteristic associated with carcinogenesis of cervical epithelial cells is their progressive loss of responsiveness to transforming growth factor-β (TGF-β). 3, 4 TGF-β is a member of a multifunctional family of growth factors that regulate basic cellular functions, such as proliferation, apoptosis, differentiation, extracellular matrix turnover and immunosuppression. 5 One of the most widely studied roles of TGF-β is its function as a tumor suppressor.
There are three isoforms of TGF-β: TGF-β1, TGF-β2, and TGF-β3 and each isoform is encoded by a distinct gene. 6 TGF-β1 is expressed in endothelial, hematopoietic, and connective tissue cells, and TGF-β2 is expressed in epithelial and neuronal cells, while TGF-β3 is expressed primarily in mesenchymal cells. 7 The biological effects of TGF-β1 are primarily mediated by a heteromeric complex of two transmembrane serine/threonine kinases, the type I and type II TGF-β1 receptors (TGF-β RI and TGF-βRII). 5, 8, 9 TGF-β/Smad cascade is composed of a ternary signaling complex, activated when TGF-β1 binds to TGF-βRII, TGF-βRII interacts with and phosphorylates TGF-βRI, which in turn phosphorylates cytoplasmic mediators, Smad2 and/or Smad3, and a heterotrimeric complex is formed with Smad4 that translocates into the nucleus, binds a consensus sequence, and directly or indirectly regulates gene transcription. 5, 10 Many cancer cells display mutations in the TGF-β/Smad signaling pathway, with over 15% of colon carcinomas displaying mutations of the TGF-βRII. Furthermore, 25% of ovarian cancers have a mutation of the TGF-β RII and 33% of the TGF-βRI. 11 Mutations in the TGF-βRI are also found, albeit with lesser frequency, in cancers of the lung, breast, and others. 12, 13 Furthermore, approximately half of all pancreatic and 15% of colorectal cancers have a mutation in Smad4, and mutations in Smad2 have been noted in some lung and colon cancers. 9, 14 The aim of this investigation was to determine if members of the TGF-β/Smad are abnormally expressed in human cervical cancers and, if so, whether such abnormal expression is associated with mutation. We also analyzed the clinical significance of TGF-β/Smad signaling pathway in human cervical cancers.
MATERIALS AND METHODS

Tumor specimens
From January 1999 to December 2004, 50 cervical cancers tissue specimens were obtained by surgical resection at the Kyung Hee University hospital. Tissue specimens were snap-frozen in liquid N2 and stored at −70 o C until used. The study group included 38 patients with the International Federation of Gynecology and Obstetrics (FIGO) stage IB, and 12 patients with FIGO stage II disease. The normal cervical tissues from 10 patients who underwent hysterectomy for benign indications were also collected as controls. Clinical outcomes were recorded through retrospective chart review.
Quantitative RT-PCR analysis
One μL of total cellular RNA was converted to cDNA by reverse transcription using random hexamer primers and Moloney murine leukemia virus reverse transcriptase (Life Technologies Inc., Gaithersburg, MD, USA). PCR was initially carried out over a range of cycles (22-40 cycles) using 1:4 diluted cDNA (12.5 ng/50 μL PCR reaction), and PCR undergoing 24-34 cycles were observed to be within the logarithmic phase of amplification with all primers used for TGF-β1, TGF-βRI and TGF-βRII, Smad2, Smad3, Smad4, and an endogenous expression standard gene GAPDH. Primer sequences are available upon request. The cDNA was then subjected to 26-32 cycles of PCR at 95 o C for denaturation (1 min), 58-64 o C for annealing (0.5 min), and 72 o C for extension (1 min) in reaction buffer containing 1.5 mM MgCl2 (PCR buffer II; Perkin-Elmer Corp., Norwalk, CT, USA). Quantitation of gene expression levels was performed by laser densitometric measurement of the ethidium bromide-stained gel. Absolute area integrations of the curves representing each specimen were compared after adjustment for the expression level of the housekeeping gene, GAPDH. Integration and analysis were performed using Molecular Analyst software program (Bio-Rad, Richmond, CA, USA). Quantitative PCR was repeated at least three times for each specimen and the mean was obtained. The relative levels of expression were represented as the ratio of target genes/GAPDH. We considered less than 50% expression of normal mean as being abnormally low, and more than double times expression of normal mean as abnormally high.
Nonisotopic RT-PCR-SSCP analysis
The entire coding regions of the TGF-β1, TGF-βRI, TGF-βRII, Smad2, Smad3, and Smad4 transcripts were amplified by PCR using several sets of primer for amplification of 200-to 280-bp lengths of fragments optimal for single-strand conformation polymorphism (SSCP) analysis. Twenty μL of these nest-PCR products were mixed with 5 μL of 0.5 N NaOH, 10 mM EDTA, 10 μL of denaturing loading buffer (95% formamide, 20 mM EDTA, 0.05% bromphenol blue, and 0.05% xylene cyanol), and 15 ml of double distilled H2O. After heating at 95 o C for 5 min, samples were loaded in gels wells pre-cooled to 4 o C. SSCP analysis was performed using 8% nondenaturing acrylamide gels containing 10% glycerol at room temperature.
Quantitative genomic DNA-PCR
Genomic DNA was prepared from tissue specimens using QIAGEN genomic-tip system (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The concentration of extracted DNA was determined by a spectrophotometric measurement (Schimadzu Scientific Instruments Inc., Concord, CA, USA). PCR amplification using intron-specific primers was performed with 200 μg genomic DNA as template for 38 cycles at 95 o C (1 min), 58-62 o C (0.5 min), and 72 o C (0.5 min) in 1.5 mmol/L MgCl2-containing reaction buffer (PCR buffer II, Perkin Elmer-Cetus, Concord). Ten μL of the PCR products were electrophoresed on 2% agarose gel. Quantitation was achieved by densitometric scanning and absolute area integrations of the curves representing each specimen were compared after adjustment for GAPDH.
Statistical analysis
To compare means the independent samples T test, and to compare frequencies the Chi-square test, or Fisher's exact test when appropriate, was used. A p-value of less than 0.05 was considered to be significant. All analyses were performed using the statistical software SPSS for Windows ver. 12 (SPSS Inc., Chicago, USA).
RESULTS
Expression of TGF-β1, TGF-βRI and TGF-βRII (RT-PCR analysis)
We evaluated the mRNA expression profile of TGF-β1, TGF-βRI, and TGF-βRII in a total of 60 cervical tissue specimens (Fig. 1) . Ten specimens were normal cervical tissues from hysterectomies performed for non-malignant conditions, 44 were squamous cell carcinoma, 4 were adenocarcinoma, and 2 were adenosquamous carcinoma. Quantitative RT-PCR was repeated at least three times for each specimen, and the mean expression level of TGF-β1, TGF-βRI, and TGF-βRII in noncancerous tissues was determined as 0.18, 0.77, and 1.15, respectively. Expression levels (Target/GAPDH) of TGF-β1, TGF-βRI, and TGF-βRII in cervical cancer tissues were observed within the range of 0.05-0.89 (mean 0.34), 0.65-0.94 (mean 0.77), and 0.16-1.27 (mean 0.92), respectively.
Compared with normal controls, RT-PCR analysis demonstrated an abnormal overexpression of TGF-β1 mRNA and decreased expression of TGF-βRII mRNA expression in the cervical cancer tissues (Table 1) . We arbitrarily classified tumors with expression levels of less than a half of normal means as abnormally low expression. Abnormal overexpression of TGF-β1 and abnormal reduction of TGF-βRII were identified in 36% (18 of 50) and 20% (10 of 50) of cervical cancer tissues, respectively.
Expression of Smads (RT-PCR analysis)
Next, we evaluated Smads expression in 50 cervical cancer tissues and 10 noncancerous tissues (Fig. 2) . Our findings indicate that Smad2 and Smad4 mRNA expression is significantly related to the condition of the cervix (normal, cancer). As a result of RT-PCR analysis, cervical cancer tissues showed variable expression of Smad2, Smad3, and Smad4 (0.17-1.18, 0.79-1.21, and 0.18-1.12, respectively), and their levels were markedly reduced in Smad2 and Smad4 (mean; 0.84 and 0.85, respectively) compared to that of noncancerous controls (mean; 1.02 and 0.97, respectively). According to our arbitrary classification, 22% (11 of 50) in Smad2 and 14% (7 of 50) in Smad4 revealed tumor specific mRNA reduction of less than a half of normal means (Table 2) .
Genomic levels of abnormally low expressed TGF/ Smads (DNA-PCR analysis)
To analyze the allelic status of TGF-βRII, Smad2, and Smad4 in cervical cancers, we first determined the genomic level of TGF-βRII, Smad2, and Smad4 using quantitative PCR. As shown in Table 3 , the absence and marked reduction of TGF-βRII, Smad2, and Smad4 were detected in abnormal low expressed cervical cancer tissues which have homozygous deletion or LOH of the gene, while normal levels of TGF-β RII, Smad2, and Smad4 were detected in noncancerous tissues and normally expressed cancer tissues, indicating that genomic level determined by our quantitative PCR is consistent with the allelic status of the gene. Nine of the 10 (90%), 7 of the 11 (63.6%), and 4 of the 7 (57.1%) of cervical cancer tissues showing low mRNA expression represented a detectable reduction of TGF-βRII, Smad2, and Smad4 levels, respectively. In contrast, none of the noncancerous tissues and cervical cancer tissues showing normal mRNA ex- Exp. Levels: expression levels (target gene/GAPDH), Abn. Low: abnormally low (＜normal mean×1/2) Exp. Levels: expression levels (target gene/GAPDH), Abn. Low: abnormally low (＜normal mean×1/2) pression cell lines had absence or significantly low frequencies of genomic reduction (Table 4) .
Mutational analysis (RT-PCR-SSCP)
To explore the presence of mutational alteration of TGF-β RII and Smads, we performed RT-PCR-SSCP analysis for TGF-βRII and Smads transcripts expressed from 50 primary tumor tissues. The entire coding region for TGF-βRII and Smads transcript was amplified using seven sets of exon specific primer sets, and the RT-PCR products were subjected to SSCP analysis. To improve mutation detection sensitivity, the same PCR products were digested using different restriction endonuclease(s), and SSCP was carried out under two different running conditions. However, we failed to detect any types of mutation leading to amino-acid substitutions or frameshifts of TGF-βRII and Smad3 in cervical cancer tissues, whereas Smad2 and Smad4 mutations were detected in 2 of 50 (4%) and 1 of 50 (2%), respectively (Figs. 3 and 4) .
DISCUSSION
TGF-β1 is characterized as an antiproliferative cytokine, especially in the early stage of cancer development. 15, 16 It is clear that the TGF-β/Smad pathway is an important tumor suppressor mechanism and in several cancer types, and there is a strong correlation between malignant progression and loss of sensitivity to the antiproliferative effects of TGF-β, which is frequently associated with reduced expression or mutational inactivation of TGF-β receptors. 17, 18 One characteristic associated with malignant progression of cervical epithelial cells is their progressive loss of responsiveness to TGF-β1. 3, 4 Furthermore, resistance to TGF-β1 that is acquired by several cell lines correlates with HPV tumorigenic potential. Such studies indicate that after HPV infection, additional cellular or molecular changes might participate in the loss of TGF-β responsiveness, which then promotes malignant transformation. Our results agree with these observations, and suggest that one significant mechanism is the lack of TGF-βRII expression. Thus, the TGF-β1 restriction point is an important obstacle many cells must overcome in order to evolve into a malignancy and achieve unrestricted proliferation. This can be accomplished in multiple ways, including reduced activation of TGF-β1 from its latent form, decreased expression of the TGF-β1 receptors, mutation of individual TGF-β1 receptor subunits, and mutation of Smad2, 3, or 4 which propagate the TGF-β signal.
In this report, we demonstrated that disruption of TGF-β/ Smad signaling pathway exist in human cervical cancers. Such alterations in members of TGF-β/Smad signaling might lead to loss of TGF-β sensitivity in cervical cancer tissues, and ultimately to escape from growth regulatory signals imposed by TGF-β. Of note, we observed a correlation between reduced or absent phosphorylation of TGF-βRII, Smad2, 4 and high TGF-β1 expression. Sample size also limited our ability to provide a meaningful analysis of clinical outcomes. Our data suggest that disruption of the TGF-β/Smad signaling pathway by alteration of TGF-βRII, Smad2, and Smad4 may play an important role in development and progression of cervical carcinomas. This escape from growth control in cervical cancer seems to be linked to allelic deletion and mutation of members of TGF-β/Smad signaling pathway.
Together, our study demonstrates that activation of TGF-β signaling associated with overexpression of TGF-β1 coexists in cervical cancer compared to the normal cervix, suggesting that elevated TGF-β1 activity might contribute to the malignant progression of human cervical tumors at some special stage of carcinogenesis.
Overproduction of TGF-β1 has been associated with tumors of many histologic types including those of breast, prostate, lung, liver, and colon. 6 These high TGF-β1 levels in tumor tissues, including cervical cancer, correlate with markers of higher metastatic phenotype and/or poor patient outcome, 19 and many tumor cells exhibit increased invasiveness in response to TGF-β. 20 Recent studies have provided us insight into how aberrant negative regulation in TGF-β/Smad signaling is linked to human carcinogenesis. Although clinical translation will not be easy considering the multifunctional and contextual nature of TGF-β/Smad signaling, we anticipate that further progress will provide us opportunities for therapeutic intervention.
